Time-lapse electrical resistivity tomography (ERT) is a geophysical method widely used to remotely monitor the migration of electrically-conductive tracers and contaminant plumes in the subsurface. Interpretations of time-lapse ERT inversion results are generally based on the assumption of a homogeneous solute concentration below the resolution limits of the tomogram depicting inferred electrical conductivity variations. We suggest that ignoring small-scale solute concentration variability (i.e., at the sub-resolution scale) is a major reason for the often-observed apparent loss of solute mass in ERT tracer studies. To demonstrate this, we developed a geoelectrical milli-fluidic setup where the bulk 1 Corresponding author: damien.jougnot@upmc.fr
A C C E P T E D M
A N U S C R I P T electric conductivity of a 2D analogous porous medium, consisting of cylindrical grains positioned randomly inside a Hele-Shaw cell, is monitored continuously in time while saline tracer tests are performed through the medium under fully and partially saturated conditions. High resolution images of the porous medium are recorded with a camera at regular time intervals, and provide both the spatial distribution of the fluid phases (aqueous solution and air), and the saline solute concentration field (where the solute consists of a mixture of salt and fluorescein, the latter being used as a proxy for the salt concentration). Effective bulk electrical conductivities computed numerically from the measured solute concentration field and the spatial distributions of fluid phases agree well with the measured bulk conductivities. We find that the effective bulk electrical conductivity is highly influenced by the connectivity of high electrical conductivity regions. The spatial distribution of air, saline tracer fingering, and mixing phenomena drive temporal changes in the effective bulk electrical conductivity by creating preferential paths or barriers for electrical current at the pore-scale. The resulting heterogeneities in the solute concentrations lead to strong anisotropy of the effective bulk electrical conductivity, especially for partially saturated conditions. We highlight how these phenomena contribute to the typically large apparent mass loss observed when conducting field-scale a saline tracer in the fully saturated part of an aquifer, Singha and Gorelick [10] 42 only "recovered" 25% of the mass using ERT data. They demonstrate that this Day-Lewis et al. [28] have proposed dual-domain approaches to account for this 61 phenomenon.
62
The question of how field-scale studies are impacted by sub-resolution flow 63 and transport processes is deeply tied to the physics of these processes. For ex-64 ample, unsaturated flows give rise to gravitational [29] and viscous [30, 31, 32] 
69
This strong pore-scale heterogeneity of the flow, in particular for unsaturated 70 flows, is associated with preferential paths for solute transport and incomplete 71 solute mixing at the pore-scale [35, 36] . Incomplete mixing (e.g. [37, 38] ) and 72 strong heterogeneties of the advection paths for solutes (as observed also at 73 larger scales (e.g. [39, 40] ), result in anomalous transport that makes ian models unsuitable at the Darcy scale and at the block scale corresponding 75 to the grid size used for numerical simulations [36] . Geophysical monitoring 76 data of solute transport and mixing processes are also likely impacted by such 77 mechanisms acting at sub-resolution scales.
78
Recent advances in milli-and micro-fluidic laboratory experiments provide 79 means to better understand and predict pore-scale transport properties and 80 mixing in saturated (e.g., [41] , [42] ) and partially saturated porous media (e.g. 
90
The manuscript is organized as follows: in section 2 we present our geoelec- Jiménez-Martínez et al. [35, 36] and consider a 2D analogous porous medium 101 which we refer to as the flow cell (Fig. 1 ). Using such a setup, it is possible to 102 measure the spatial distribution of the fluids in the cell and the ionic concen-103 tration field in the liquid (wetting) phase using a fluorimetry technique. A light 104 source is placed below the cell (Fig. 1a) and the cell is monitored using a high- 
138
The geometry used herein corresponds to the so-called homogeneous geom-139 etry used by Ferrari et al. [44] . The flow cell is closed on two of its lateral sides (Fig. 1a) . This 2D geometry has a cross-sectional area 
149
The cell is connected to three reservoirs upstream that contain wetting and local conductivities from light intensities in our experimental cell (Fig. 2) . 
Geoelectrical monitoring

210
The geoelectric monitoring is performed using a four electrode setup (see
211
Schlumberger [46] for the historical paper, and more recently Binley and Kemna
212
[7] for a more hydrology-oriented introductory text). We inject a current in the while the C1-P1 and P2-C2 spacings are 8 mm ( Fig. 1 ).
219
The electrodes consist of a thin layer of copper (90 µm). They were inserted 
227
We measured the effective bulk electrical resistivity of the medium at a tem- 
Tracer test procedures
269
After these initial experiments, we conducted a tracer test under saturated 270 conditions and three tracer tests under partially saturated conditions.
271
For the fully saturated test, the medium was first saturated with the back- The experiments described in the previous section provide two kinds of data:
294 images with a light intensity value per pixel, I(x, y), on the one hand, and 295 an effective bulk electrical conductivity of the entire cell, σ meas , on the other 296 hand. In this section, we describe how we simulate the effective bulk electrical 297 conductivity from the images in order to compare the computed conductivity, 298 σ sim , to the measured one, σ meas .
299
The raw images are first corrected for spatial heterogeneities in the incident 300 light intensity (which is largest at the center of the flow cell). All subsequent 301 data processing is performed on these corrected images. geometries are extracted and stored into another mask, the "electrode mask".
310
The porosity of the medium is readily computed from the pore space mask: above, we then convert the I w (x, y) map in to a map of local conductivities.
323
Using the spatial distributions of the phases and local tracer conductivities,
324
it is possible to simulate the cell's effective electrical bulk conductivity, σ sim .
325
This numerical upscaling is based on the pixel distribution of electrical conduc- 
344
In the simulations, we generate the current flow by imposing an electrical voltage 345 of 1 V between the current electrode (C1 and C2) (see Fig. 1 
where σ and σ w are the electrical conductivities (S m −1 ) of the porous medium 369 and pore-water, respectively, S w is the water saturation (-), F is the electri- imental data in saturated conditions (Fig. 4a) , but the data fit is not as good 379 for partially-saturated conditions (Fig. 4b) . One likely reason for this is that Eq. (1) is based on the assumption that the pore water salinity is homo- 
This apparent solute electrical conductivity can then be used to estimate an av- 
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where i denotes a single pixel belonging to the wetting phase and N is the total number of pixels identified as the wetting phase. The arithmetic and harmonic means are equivalent to the global conductivity of an electrical circuit where conductances would be placed either in parallel or in series, respectively. The
Wiener bounds theory predicts that:
Results
392
This section describes and analyzes the data obtained from the laboratory 
Tracer test under partially-saturated conditions
438
The same procedure was applied to the data obtained from the two-phase 439 flow tracer test. Figure 7a shows the evolution of the measured electrical con- us to account for these saturation changes in the simulations.
448
As for the saturated case, Figure 7a shows a strong increase in the bulk ifest itself in simulated electrical current densities in saturated (Fig. 9c) and 552 partially-saturated (Fig. 9d) conditions. In the fully saturated media, we find a 553 current density that is homogeneously-distributed in the pore space, while in the 554 partially-saturated case it is highly channelized. We find that the current paths 
572
Tracer fingers in the unsaturated case act as preferential paths for the electri-
573
cal current (Fig. 9d ) in comparison to the more homogeneous case in saturated 574 conditions (Fig. 9b) . One can identify "bottle-necks" as the places where the 575 flow lines are focused between air clusters or grains (e.g., [35] ). This effect on the 576 tracer transport affect the distribution of the electrical current flow (Fig. 9d) .
577
This channeling of the electrical current density is not only controlled by the 
582
The dynamics and evolution of the effective tracer percolation through the 583 medium are also well captured by the bulk electrical conductivity. In saturated 584 conditions, the smooth increase of σ during the entire tracer test corresponds 585 to the progressive invasion of the flow cell by the saline tracer (Fig. 5) . On 586 the contrary, the more abrupt increase of σ around t = 4000 s and the smaller ACCEPTED MANUSCRIPT A C C E P T E D M A N U S C R I P T one around t = 9000 s (Fig. 7) denote the percolation of the first and second 588 fingers of tracer through the porous medium. This clear link between tracer 589 percolation and bulk electrical conductivity should be studied in more details to 590 couple transport models at the pore-scale and hydrogeophysical measurements,
591
for example following the idea proposed by Kemna et al.
[9] at the field-scale. 
where σ sim and σ (Fig. 10) . Under saturated condi-616 tions (Fig. 10b) , the bulk electrical conductivity of the medium is isotropic (i.e., of the tracer test, the anisotropy factor diminishes but does not return to its 628 initial value (e.g. λ = 1.59 at t = 14000 s). This is caused by the remaining 629 strong heterogeneity in the tracer concentration distribution (Fig. 9) . 
641
Electrical conductivities resulting from ERT inversion are subjected to two 642 kinds of processes masking the medium heterogeneity: (1) a smoothing above 643 the cell size used to discretize the subsurface that is due to the inversion reg- This work has clearly demonstrated that such effects can be very strong. In 661 practice, we suggest that both of these effects are interconnected and we refer 662 to them collectively as sub-resolution effects.
663
In our experiments we find that the heterogeneous fluid phase distributions Singha and Gorelick [10] ). Furthermore, these results indicate that monitoring 696 an horizontal tracer flow (Fig. 10e) or a vertical one (Fig. 10f) anisotropy factor is largely ignored and will inevitably produce artifacts. Given
706
A C C E P T E D M A N U S C R I P T the large value obtained in the anisotropy test (up to λ = 2.76 in Fig. 10d 
